The liquid film damping is one of the main technology for the aerospace, navigation, and machine tool. However, the research on the fine boring is very limited. The paper set up the fine boring squeezed liquid film damped system of multi degree of freedom vibration simulation model and solve mathematical model by transfer matrix theory. The damping coefficient for the fine boring system can be obtained. The mechanical device of liquid film damping system is established. 20# machine oil, 40# machine oil, and cutting fluid are used to the system. The tests indicate that the effect of liquid film formed by cutting fluid is better than oil film formed by machine oil in the static test, but oil film formed by machine oil is better than liquid film formed by cutting fluid in the effect of dynamic test. The simulation model has high accuracy to reliability. The simulation model can directly obtain the optimal parameters, so as to provide effective way to guide field processing.
Introduction
At present, the liquid film damping technology has widely research and application in the areas such as aerospace and machine tool [1] [2] [3] [4] . But the liquid film (including oil film) damping technique is applied to fine boring processing at home and abroad for the first time. And the fine boring liquid film damping system can be carried on through the theoretical analysis and experimental research. A reasonable mathematical model for simulation is established on the basis of the direct analysis on the influence on many parameters of the system [5] [6] [7] [8] . So the parameter optimization and the excellent fine boring liquid film damping of shock absorber are designed.
Fine boring liquid film damping system has a simple structure. The inside and outside of the damper is filled with liquid. Under the condition of high-speed rotation, a squeezed liquid film is formed between the workpiece and damping sleeve because of the boring bar's lateral vibration. At the same time, the damping force is produced for preventing the gap between the workpiece and the damping. So it can consume vibration energy of the boring bar, reduce the amplitude, and improve the machining quality of fine boring.
Methodology
Over the years, many experts and scholars at home and abroad devoted themselves to the boring bar dynamics analysis. But most of them were based on a single degree of freedom vibration system. The influence of the main modes on more degree of freedom system is ignored because of single degree of freedom system in the vibration of the system. So the analyses of the system are not accurate enough. In this paper, the author will consider the fine boring squeeze liquid film damping system as a multiple degree of freedom vibration system [9] [10] [11] , and it can significantly improve the accuracy of the vibration analysis. Its dynamic model has lots of types, including: ① lumped parameter model, ② distributed parameter model, and ③ hybrid parameter model. To analyze the vibration characteristics of boring bar concrete parts, the paper use the lumped parameter model. This tool location can be regarded as inelastic quality unit for vibration characteristic analysis [12] . The law of the system vibration is concluded more accurately.
Each part of the boring bar length and the diameter number is as follows: The equipment starts and begins to process. The eddy current sensor can be used to detect the vibration of the boring bar. The detected vibration signals are input to the computer through the amplifying circuit and the AD converter to carry out the data collection and storage.
The whole system is divided into a series of quality unit and elastic rod unit with no quality. The damping unit and power unit with quality units is combined into a special quality unit. So the whole system is composed of quality unit, elastic shaft unit, damp-quality unit, and power-quality unit. The number of the specific units is decided by the required precision. The more the number of units is, the higher the accuracy of the model analysis is (take nine units in this paper).
The lumped parameter system dynamic model is shown in Fig. 1 .
In Fig. 1 , "F" for exciting force, these five quality units are calculated according to the length, diameter, and density of the boring bar, respectively as follows: After the system dynamics model is set up, according to transfer matrix theory, the system mathematical model is established and to solve mathematical model, so as to lay foundation for the establishment of the system simulation model. It is known from the transfer matrix theory that the left and right side system units have a state vector to represent the unit state, denoted as Zl (left side) and Zr (right side); the relationship between the state vector can be represented as:
C is a unit transfer matrix or a transfer matrix, and it can be introduced from this: The transfer matrix between any two unit state vectors is multiplied to all unit transfer matrices of the two state vectors. The following is expressed as follows:
In the formula:
C′is the first four-order square matrices of each transfer matrix.
According to the force balance relations, every each unit can obtain the following transfer matrix. In the formula, ω is circular frequency. In the formula, EI is moment of inertia. In the formula, j is imaginary unit.
Inelastic mass element transfer matrix
4. Power quality unit transfer matrix C iF Both sides of system state vector of transfer matrix equations can be concluded by plugging formula 4 into formula 1.
All the matrices in the formula are both five-order square. Y, θ, M, and F respectively represent the displacement, angle, torque, and force. The left side vector represents left side state vector of the system, and the right side vector represents right side state vector of the system. So the product of the matrix is still 5 square, the C g is as follows:
Because the boring bar is closely connected with machine tool axle shaft of Morse taper hole, the system can be as a cantilever beam fixed at one end. So the system boundary conditions are as follows:
The equation can be gotten:
The root of the equation:
As a result of the existence of system with damping device, Y 5 is plural
In the equation:
The first one is Y 5 real part, and the other one is Y 5 imaginary part.
Through the above model, we know that the system response to external simple harmonic excitation is still the harmonic vibration, the amplitude of response is a function of damping coefficient c and excitation frequency ω, where it can be expressed as:
The resonance amplitude is:
3 Results and discussion
Reliability analysis of the simulation model
Static test was done under the condition of the machine not working, and vibration adopts the method of external excitation. Its purpose was to test the vibration of the boring bar in the two cases: with damper or not. In the static test, study is done to get the relationship of the damper's parameters and vibration damping effect. The CA6140 lathe was modified to carry boring machining with the boring bar installed in the lathe spindle Morse taper hole [13] . The workpiece was clamped by the fixture and installed on the sliding board. Emulsion and the 20# machine oil were used as damping liquid respectively. The test data signals was obtained through acceleration sensors, which was sent to a computer to process after signal amplification and A/D conversion. Table 1 is the results with different damping sleeve width and damping fluid (oil) film thickness in the cases with fluid (oil) film and no fluid (oil) film. Trial dampers' inside diameter is D = 60 mm, the absolute liquid viscosity coefficient η = 5.949 Pa • s. The results of the data test are shown in the following Table 1 : An empirical formula for damping coefficient can be got by the relevant parameters of the dampers. It represents the law of the liquid film under the finite long axis in the table. δ is the damping sleeve and the processing hole clearance value, the thickness of liquid film ε is the damper hole with hammer tool rod eccentricity, and its little impact on c so can be ignored.
Under the single damping and complex damping, the static test with liquid film and non-liquid film is carried out. Some important data can be measured as shown in Tables 2, 3 , and 4.
From Tables 2, 3 , and 4, it can be seen that squeeze liquid (oil) film damper can inhibit the vibration of boring bar no matter in the static excitation or dynamic cutting. In the static test, the effect of liquid film formed by cutting fluid is better than oil film formed by machine oil. In the effect of dynamic test of oil film formed by machine oil is better than liquid film formed by cutting fluid.
From Table 4 , it can be seen from all the test data, with the increase of damping sleeve width, the boring bar vibration amplitude was decreased gradually, but when the damping sleeve width continue to increase, the amplitude had a tendency of increase. The change rule can be explained as follows.
From Tables 2, 3 , 4, and 5, the test curve of amplitude and resonance frequency with the damping value of number can drew. The curve line is shown in Figs. 3 and 4 .
In addition, the curve of the amplitude and the resonant frequency from Eqs. (5), (6) paint and the damping value simulation curve can be shown in Figs. 2 and 3 . To be sure, in the simulation study, the size of the force F only affects the position of the curve along the longitudinal axis, does not affect the shape of the curve and the changing trends, and so does not affect the essence of the problem. it can be understand of formula (3) . In this case, take F = l.028 KN.
In the Figs. 2 and 3: Both amplitude damping curve and resonance frequency damping curve are very close, and it indicates that the simulation results are basically in agreement with the experimental results; it can be seen that establishing the simulation model is reasonable and reliable.
Parameter optimization of damper
In the design of damper, the main parameters affect the effects of vibration reduction for the thickness δ (mm) and the length L (mm) of the liquid film damper. In order to determine the optimal parameters, more groups of dynamic test have been done under the conditions of the actual processing conditions. Because cost is high, the large amount of test is hard to proceed. The law of various parameters on the vibration reduction is analyzed by the simulation model. The results can directly get the optimal parameters, so as to effectively guide field processing. The δ value is ensured in a certain range, and the other parameters are constant. Using formula (7) into formula (5), the relation curve of liquid film thicknessamplitude is drew and shown in Fig. 4 . In the same way, the liquid film length-amplitude relation curve are drew and shown in Fig. 5 .
As seen in Figs. 4 and 5, the optimal thickness of the δ and the length L of the liquid film damper is 0.l and 60 mm respectively. According to the data, the author designed the damping shock absorber, and it has been applied in Dalian Locomotive Plant a TX611C type digital display horizontal boring machine. As the result, the surface roughness has improved to a better vibration damping effect than in the past (seen Fig. 6 ).
Experiment results and discussion
The tests indicate that no matter what static and under the cutting condition, liquid membrane (including oil film) for boring bar has good vibration damping effect, the best damping effect at more than 20%. A lot of experimental data show that, when the liquid film thickness and width are 0.1 and 60 mm, respectively, damping effect is best. In simulation, the simulation curve is in agreement with the experimental curve, and it shows the simulation is good and suited for some testing. The experiment is divided into static and dynamic experiments. In the static experiments, liquid film damper is better than the oil film damper damping effect. In dynamic cutting experiments, the oil film damping effect is better than the liquid film damping effect in general. Fine boring liquid film damping system can greatly improve the machine tool dynamic stiffness and cutting vibration resistance, while not reducing other performance indicators. It has a simple structure and reliable performance.
Conclusions
This paper presented an experimental study on fine boring squeezed liquid film damped system, and setting up a freedom vibration simulation model. Some mathematical model can be solved by transfer matrix theory. The mechanical device of a liquid film damping system is established. 20# machine oil, 40# machine oil, and cutting fluid are used to the system. The following conclusions can be drawn from this study.
1. The damping coefficient for the fine boring system can be obtained. 2. Using multi degree of freedom system vibration simulation model to analyze the squeeze liquid film damping system has high reliability and accuracy. 3. Using the simulation model can reduce the test cost, direct access to optimize parameters of shock absorber on the basis of parameter design and manufacture of shock absorber, and bring good effect in practice. 
